To study the evolution of human microRNAs (miRNAs), we examined nucleotide variation in humans, sequence divergence between species, and genomic clustering patterns for miRNAs with different expression levels. We found that expression level is a major indicator of the rate of evolution and that ;30% of currently annotated human miRNA genes are almost free of selective pressure.
Introduction
MicroRNAs (miRNAs) play a key role in posttranscriptional regulation of gene expression (Ambros 2003 (Ambros , 2004 Bartel 2004; Zamore and Haley 2005) . The miRNA genes are first transcribed as primary miRNA transcripts (pri-miRNAs), which are processed to form hairpin precursor molecules(pre-miRNAs),whicharethenprocessedtobecome ;22 nt mature miRNAs. A mature miRNA can repress target gene expression by binding to the 3# untranslated region of the targetgene. Ithasbeensuggested thatmorethan 30% ofhuman protein-codinggenesareregulatedbymiRNAs (Lewis,Burge, and Bartel 2005) . The number of miRNAs identified has been increasing steadily (Griffiths-Jones et al. 2006) , and currently ;700 miRNAshavebeenannotatedinthehumangenome(the miRBase),nearlythreetimesthenumber5yearsago (Limetal. 2003) . But a basic question remains, ''what proportion of these miRNA genes is functionally important, thereby being maintained by natural selection?'' Although it is well accepted that highly expressed miRNAs tend to be functionally important and evolutionarily conserved, the functional relevance of lowly expressed miRNAs is less clear. In particular, several deep sequencing studies have revealed a class of lowly expressed ''miRNA precursor-like'' hairpins that tend to be species specific (Berezikov et al. 2006; Fahlgren et al. 2007; . The purpose of this study is to investigate the possible effect of the expression level of an miRNA on the level of sequence variation in humans and the rate of nucleotide substitution between species.
We focused on the human miRNA genes in the miRBase database (Griffiths-Jones et al. 2006) , which is widely accepted as the standard for miRNA annotation. Our analysis only included those miRNA genes that have a unique genome location, have available tissue expression data, and do not share a mature sequence with other miRNAs. We classified these miRNAs into different groups, using a mammalian miRNA expression atlas of many tissues and cell types (Landgraf et al. 2007) , rather than using deep sequencing data, because the latter type of data may be biased toward a specific tissue. We considered two measures for the miR-NA expression level: n, the total number of clones detected in the expression atlas, and p, the maximal composition percentage among the 172 small RNA libraries studied; the composition percentage of an miRNA is defined as the number of clones of the miRNA divided by the total number of miRNA clones. These two measures were almost identical in terms of expression level ranking (Spearman rank test Rs 5 0.96, P , 9 Â 10 À79 ), so we used only n in all subsequent analyses. In total, 383 human miRNAs were classified into four groups: the high, intermediate, low, and ''0 expression'' groups (see Methods). The classification allows each group to contain a similar number of miRNA genes, thereby avoiding any potential bias due to differences in group size in the analyses. In particular, the 0 expression group contains miRNAs that were not detected in any RNA library by the clone-based approach (;1,300 sequenced clones per library, correspondingtoadetectionlimitof0.1%of totalsmall RNAs). To see if this clone-based approach, which has a relatively low sequencing depth, has a sampling bias, we also analyzed a set of Solexa deep sequencing data in human HeLa cells (Friedlander et al. 2008) . We found that all the miRNAs in the0expressiongrouphaveindeedanextremelylowexpression level (i.e., no hit or only several hits out of ;800,000 reads), confirming the validity of our miRNA group classification.
We first studied the sequence variation of these miRNAs in humans. The polymorphism level in a pre-miRNA gene relative to that in its flanking regions is taken as an index of selection intensity because the flanking regions are likely selectively nearly neutral (Saunders, Liang, and Li 2007) . Using the polymorphism data in dbSNP128 (Sherry et al. 2001) , for each group of pre-miRNAs, we calculated the ratio of average single-nucleotide polymorphism density in the pre-miRNAs to that in their same-length flanking regions. Figure 1a shows that the ratios for the high, intermediate, and low expression groups are much lower than 1, suggesting the presence of strong purifying selection. In contrast, the ratio for the 0 expression group is 1.06, indicating absence of purifying selection among most members in this group.
Next, we examined the miRNA sequence divergence between primate species. Using the University of California-San Cruz (UCSC) genome alignments (Blanchette et al. 2004) , we identified the human-macaque orthologous sequences of premiRNAs and their same-length flanking regions (Liang, Lin, and Li 2008) . For each group, we calculated the ratio of average sequence divergence in the pre-miRNAs to that in their flanking regions. Again, we found that the ratios for the high, intermediate, and low expression groups are much lower than 1, but the ratio for the 0 expression group is 1.09 ( fig. 1b) . In addition, using the 4-fold degenerate sites in the nearest protein-coding genes as another (nearly) neutral control, we obtained a similar ratio (0.95 ± 0.08) for the 0 expression group. If an miRNA gene is functional, we expect its mature region to be under stronger selective constraint than the rest of the gene (Lewis, Burge, and Bartel 2005; Chen and Rajewsky 2006) . In the high, intermediate, and low expression groups, the sequence divergence in the mature regions is indeed significantly lower than that in the remaining regions of pre-miRNA ( fig. 1c) . However, in the 0 expression group, the divergence levels for the two types of regions are almost the same. These results strongly suggest that most of the miRNA genes in the 0 expression group have been subject to weak or no selection. This view is also supported by the sequence divergence between human and chimpanzee (data not shown). Moreover, using a genome-wide BLAT (Kent 2002 ) search, we found that only 88% of the human miRNAs in the 0 expression group have a homolog in macaque, which is significantly lower than that of the other three groups (94%, P , 0.04), suggesting that miRNAs in the 0 expression group tend to turn over quickly in evolution.
Finally, we investigated the spatial clustering pattern of miRNAs in the human genome. It is well known that miRNAs tend to be clustered in chromosomal regions (Bartel 2004) . This nonrandom spatial distribution may facilitate the functional coordination among miRNAs so that neighboring miRNAs tend to have similar expression profiles (Baskerville and Bartel 2005) . As shown in figure  2 , the proportions in the high, intermediate, and low groups are all very high (;60%), but the proportions of miRNAs in the 0 expression group are very low (;13%). This contrasting pattern supports the notion that the vast majority of miRNAs in the 0 expression group are randomly distributed over the genome, rather than being clustered with established miRNA genes.
Given the sharply contrasting patterns between the 0 expression group and the other three groups, one may want to examine the target sites of these miRNA groups (e.g., selective pressure or target abundance). Unfortunately, such analyses are not feasible at this moment. Currently, miRNA target prediction not only requires the sequence match to the seed of an miRNA but usually also relies on evolutionary conservation as a filter. Unlike highly expressed miRNAs, many miRNAs in the 0 expression group have a recent origin (e.g., in primates), and thus, conservation cannot be invoked as a filter to remove false sites. Therefore, it is difficult to identify the target sites of these young miRNAs with a reasonable accuracy. In the future, when many experimentally determined target sites are available, it will be interesting to conduct such an analysis.
Taken together, our results strongly suggest that the vast majority of miRNA genes in the 0 expression group, which comprise 26% of our miRNA data set, have been subject to little selective constraint. Most miRNAs in this group may only occasionally enter the small RNA biosynthesis pathway. How these miRNAs were derived in evolution remains unclear. Of course, our group-based results do not rule out the possibility that an individual 0 expression miRNA may play an important functional role in human, such as miRNA lsy-6, which is only expressed in one neuron in Caenorhabditis elegans but plays an important functional role (Johnston and Hobert 2003) .
Recently, several deep sequencing studies have revealed a large number of miRNA precursor-like hairpins in primates, Arabidopsis, and Drosophila (Berezikov et al. 2006; Fahlgren et al. 2007; ; and evolutionary analyses on the birth-and-death process of these hairpins suggest that most of them are evolutionarily neutral. These results and ours are largely compatible. We speculate that the 0 expression miRNAs annotated in current miRBase and many others (not included in the database or to be discovered by future deep sequencing) form a pool of raw materials for evolution. Due to the extremely low expression level, their effect on potential target mRNAs would, in most cases, be weak or negligible. Occasionally, a lowly expressed miRNA is selectively favored (Zhang et al. 2007; Lu, Fu, et al. 2008) , integrated into the miRNA target regulatory network and then maintained in long-term evolution.
Our work also calls attention to the criteria of miRNA identification, which is an important issue in this fast-moving field. In the current practice, given a piece of evidence on the expression of a candidate small RNA, the major criterion for calling it an miRNA gene is whether the corresponding genomic sequence can be folded into a stable hairpin structure according to folding energy. However, a hairpin structure may not mean function. If we want to focus on the miRNAs with functional relevance, a criterion on the relative expression level should be added.
Methods

miRNA Expression Classification
From the miRBase (version 11.0) annotation and a recent mammalian miRNA expression atlas of small RNA library sequencing (Landgraf et al. 2007 ), we obtained a data set of 383 human miRNAs, each of which has a unique genome location and has tissue expression data. The miRNA genes that share a samematuremiRNA sequencewere excludedfromour analysis because their expression level was hard to define. The miRNAs were classified into four groups, each containing a similar number of members: 1) n ! 100, the high expression group, which contains 94 miRNAs; 2) 100 . n ! 15, the intermediate expression group, which contains 93 miRNAs; 3) 15 . n . 0, the low expression group, which contains 96 miRNAs; and 4) n 5 0, the 0 expression group, which contains 100 miRNAs that were not detected in the clone sequencing-based survey. (The miRNAs in the 0 expression group were mainly detected by deep sequencing techniques.) The classification data set is available in supplementary file (Supplementary Material online) .
We obtained the Solexa sequencing data in human HeLa cells from the NCBI GEO database (GenBank accession number GSE10829). The correspondence between annotated miRNAs and sequence reads was established by the Blast program with an E value cutoff of 0.001.
miRNA Sequence Analysis
Human polymorphism data were obtained from dbSNP128 and mapped to the pre-miRNAs as well as the same-length flanking regions according to the miRBase annotation. The human-macaque orthologous sequences of miRNAs and their flanking regions were constructed from FIG. 2.-Spatial clustering patterns of human miRNAs with different expression levels. The gray bars indicate the proportions at a clustering distance limit of 5 kb, the black bars for 10 kb, the striped bars for 20 kb, and the dotted bars for 50 kb.
Evolution of Human miRNA Genes 1197 the UCSC Human/Rhesus (hg18/rheMac2) and Rhesus/ Human (rheMac2/hg18) pairwise genome alignments, and the pairwise alignments of 350 miRNAs were obtained. The mature and nonmature regions were classified based on the miRBase annotation. For each group, the standard deviations were calculated from 1,000 bootstrap samples.
Clustering Analysis of Human miRNAs
If two miRNA genes are located in the same chromosome/strand and their distance is smaller than a given distance threshold, they are classified into a cluster. Using different distance limits (5, 10, 20, and 50 kb), we clustered all the annotated miRNAs into clusters (the total numbers of miRNA clusters varied from 494 at 5 kb to 461 at 50 kb), and we then calculated the proportions of clustered miRNAs in each group. For each group, the standard deviations were calculated from 1,000 bootstrap samples.
Supplementary Material
Supplementary file is available at Molecular Biology and Evolution online (http://www.mbe.oxfordjournals.org/).
